Phenolic compounds are associated with cell walls in cereals and legumes. Phenolic composition and bioactive properties of cell walls and whole grain of sorghum, teff and cowpea was determined. Whole grain extracts had higher total phenolic content (630-2782 mg CE/g) and total flavonoid content (0.033-0.17 mg CE/g) than cell wall extracts (261-1005 mg CE/g and 0.011-0.047 mg CE/g respectively). Similar trends were observed for ABTS radical scavenging (whole grain: 30-87; cell wall: 22 µM TE/g), ORAC (whole grain: 47-964; cell wall: 40-183 µM TE/g) and ferric reducing power (whole grain: 85-279; cell wall: 2 41-95 mg vitamin C equivalent/ g). Whole grains contained both phenolic acids and flavonoids. Ferulic acid was a major component of cell walls. Whole grain and cell wall extracts inhibited LDL oxidation and protected against oxidative DNA damage. Cereal and legume cell walls may be considered important potential contributors to human health due to their phenolic composition.
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PRACTICAL APPLICATION
Phenolic compounds in cereals and legumes are important components of dietary fibre in which they occur mainly in association with cell wall components. There is increasing research focus on phenolic compounds due to their bioactive properties and potential health benefits. Investigation of the cell wall bound phenolic compounds is necessary to establish their potential contribution to human health. In this study, the phenolic composition and antioxidant activities of extracts from cell wall preparations and whole grain of selected cereals and legumes of importance in Africa, as well as their protective effect on oxidized DNA damage and copper catalyzed LDL oxidation was determined. This research provides insight into the potential health benefits offered by the grains studied, such as prevention of chronic diseases of lifestyle and the importance of the bioactive phenolic constituents of cell walls in this regard.
INTRODUCTION
Cereal and legume grains are major sources of calories and proteins for a large proportion of the world's population (National Academy of Science, 1975) . In terms of quantity, cereals occupy the first place as sources of calories and proteins, and grain legumes are the next (Salunkhe, 1982) . In Africa, cereals (e.g. maize, millet, sorghum, teff) and legumes (e.g. soybean, groundnut, and cowpea) are important food crops. Cereals are extremely versatile foodstuffs and are processed into a very wide range of traditional food and beverage products (National Research Council, 1996) . In most African countries, cereals such as sorghum are processed into food and beverages which are important sources of nutrients. These include whole grain rice-type products, breads and pancakes, dumplings and couscous, porridges, gruels, opaque and cloudy beers, and nonalcoholic fermented beverages (Taylor & Dewar, 2000) . In Ethiopia, teff (Eragrostis teff) is made into injera, a flat, spongy, and slightly sour bread that looks like a giant bubbly pancake the size of a serving tray (Bultosa, Hall & Taylor, 2002) . Legumes such as cowpeas are an important part of the human diet in developing countries and are incorporated into a variety of local foods, weaning foods and snacks in Africa (Giami, 2005) . Cowpea is consumed in many forms. Young leaves, green pods and green seeds are used as vegetables whereas dry seeds are used in a variety of food preparations (Nielsen et al., 1997) .
In addition to dietary fiber, cereals and legumes contain many health-promoting components such as vitamins, minerals, and phytochemicals which include phenolic compounds. Phenolic compounds are well-known antioxidants and are hypothesized to have the potential to protect against degenerative diseases (heart diseases and cancer) in which reactive oxygen species are involved (Harbone & Williams, 2000) . Phenolic compounds in cereals and legumes may be classified in simple terms into phenolic acids (derivatives of benzoic acid or cinnamic acid), flavonoids and tannins. It is also well-known that the phenolic acids in particular may be present in free, esterified/etherified or insoluble bound forms (Salunkhe, 1982; Robbins, 2003) .
Endosperm and pericarp cell walls constitute the predominant components of dietary fibre which is the indigestible fraction of cereal and legume foods after passage through the gastrointestinal tract. The cell walls are mainly composed of non-starch polysaccharides (such as cellulose and hemicelluloses) and lignin. Hydroxycinnamic acids such as ferulic acid and pcoumaric acid may be bound to hemicelluloses (such as arabinoxylans and xyloglucans) in the cell wall.
Although not yet reported in cereals or legumes, the presence of some cell wallbound flavonoids has been reported in other plants (Ibrahim et al., 1987) . The association of phenolic compounds with cell wall components is of significance for foods rich in dietary fibre. If released and absorbed, these phenolics could offer potential health benefits. The presence of esterases in the mammalian intestinal tract that are active towards dietary hydroxycinnamates and the release of such esterified hydroxycinnamates has been reported (Kroon et al., 1997) . Phenolic compounds bound to dietary fibre have been shown to have health beneficial effects (Vitaglione et al., 2008) . Cell walls of cereals and legumes may thus be considered important potential contributors to human health. Therefore this work seeks to identify the phenolic compounds in cell wall preparations from selected cereals and legumes and their bioactive properties.
MATERIALS AND METHODS

Materials
Two sorghum types (white and red), two teff types (white and brown) and two cowpea varieties (Betchuana white and black-eyed pea) were used in this work. The two sorghum 
Preparation of whole grain flour
The grains were milled into flour using a laboratory hammer mill (Falling Number 3100, Huddinge, Sweden) fitted with a 500 μm opening screen and kept in sealed air-tight polythene bags prior to analyses.
Preparation of cell wall material
Cell wall material was prepared from the milled grains of sorghum, teff and cowpea using a modification of the method of Brillouet and Carre (1983) . Milled grain (100 g) was sequentially extracted by magnetic stirring with n-hexane (300 ml; 2 h), methanol (300 ml; 1 h) and acetone (300 ml; 1 h). The defatted seed meal was then soaked in 980 ml 0.1 M phosphate buffer, pH 6.5. The suspension was homogenized for 2 min and transferred into a (Campbell & Ellis, 1992) . The suspension was acidified to pH 2 with 1 M HCl, centrifuged at 12000 x g for 10 min and the supernatant extracted with 1 ml anhydrous diethyl ether. The diethyl ether extract was reduced to dryness under vacuum with a rotary evaporator and the precipitate re-suspended in 0.25 ml 50% aqueous methanol. The resulting solution was kept in a cold room at 4 o C before analyses.
Methods
Scanning electron microscopy
The whole grain flour and cell wall preparations were mounted on double sided carbon tape on a stub; sputter coated with gold and subsequently viewed using a JEOL-JSM 840 (JEOL, Tokyo, Japan) scanning electron microscope.
Determination of total phenolic content
The total phenolic content of the methanolic extracts was determined by the Folin-Ciocalteu assay (Singleton & Rossi, 1965) . The methanolic extract (0.25 ml) was reacted with FolinCiocalteu's phenol reagent (1.25 ml) and 3.75 ml 20% (w/v) sodium carbonate solution and absorbance was read at 760 nm after 2 h. Catechin was used as a standard.
Determination of total flavonoid content
Total flavonoid content was determined using a modified aluminium chloride colorimetric assay (Zhishen et al., 1999) . Aliquots (10 µl) of 0.01 g/ml preparations of the extracts were added to 96 well microplates. To the wells, 30 µl 2.5% sodium nitrite, 20 µl 2.5% aluminum chloride and 100 µl 2% sodium hydroxide were added. The solutions were mixed well and then read at 450 nm with a plate reader (Bio Tek). Catechin was used as a standard.
HPLC analysis of phenolic compounds
Analyses were performed using a Waters 1525 binary HPLC pump and a Waters 2487 dual wavelength absorbance detector (Waters Corporation, Milford, MA, USA). The separation was accomplished by means of a YMC-Pack ODS AM-303 (250 mm x 4.6 mm i.d., 5 μm particle size) column (Waters Corporation, Milford, MA, USA). Breeze TM software was used to monitor the separation process and after analysis a chromatogram was obtained for each sample extract. The injection volume for all samples was 20 μl with the analysis conducted at a flow rate of 0.8 ml/min and monitored at 280 nm and 330 nm. The mobile phase consisted of 0.1% glacial acetic acid in water (solvent A) and 0.1% glacial acetic acid in acetonitrile (solvent B). The linear gradient of the solvents was as follows: solvent B was increased from 8 to 10% in 2 min, then increased to 30% in 25 min, followed by an increase to 90% in 23 min, then increased to 100% in 2 min, kept at 100% of B for 5 min, and returned to the initial condition. Running time was 61 min and the column temperature was held at 25 ˚C during the run. Quantification of phenolics was conducted by using pure external standards of phenolic acids (ferulic acid, p-coumaric acid, syringic acid, vanillic acid, protocatechuic acid, caffeic acid, sinapic acid and gallic acid) and flavonoids (luteolin, rutin, naringenin, quercetin, catechin, taxifolin and kaempferol). Calibration curves were obtained for each phenolic compound by plotting peak areas versus concentration. Regression equations that showed high degree of linearity (> 0.995) were obtained for each phenolic compound from the calibration curves.
ABTS antiradical assay
Antioxidant activity of the extracts was determined using the ABTS antiradical assay which involves determination of the decrease in absorbance due to decolorization of the blue-green ABTS •+ radical cation solution when reacted with the extracts or Trolox standard solution. The absorbance of the standards and samples was measured at 734 nm. The results were expressed as μM Trolox equivalents/g sample, on dry weight basis.
Ferric reducing antioxidant power
The reducing power of the extracts was determined by assessing the ability of the extract to reduce FeCl 3 solution as described by Oyaizu (1986) and expressed as mg ascorbic acid equivalent/100 g sample, on dry weight basis.
Oxygen Radical Absorption Capacity (ORAC) Assay
T h e O R A C a s s a y w a s c a r r i e d o u t o n a F l u o r o s t a r O p t i m a p l a t e r e a d e r ( B M G L a b
Technologies, Offenburg, Germany). Procedures were based on a modified method of Ou et al. (2002) . AAPH was used as a peroxyl radical generator, Trolox as standard and fluorescein as a fluorescent probe. The final ORAC values of the samples were calculated by using the net area under the decay curves (AUC). The results were expressed as µmol Trolox equivalent per g sample.
LDL oxidation assay
The ability of the extracts to protect against LDL oxidation was determined spectrophotometrically by measuring the amount of thiobarbituric acid reactive substances (TBARS) produced after Cu 2+ -induced oxidation of LDL in the presence of the extracts as described by Shelembe et al. (2012) .
Oxidative DNA damage assay
The ability of the extracts to protect against oxidative DNA damage was determined using a modified form of the method of Wei et al. (2006) . Plasmid DNA was incubated at 37 o C for 30 min with 5 μl of appropriate dilution of the methanolic extracts in the presence of 0.03 g/ml AAPH (for extracts from cell wall preparations) and 0.0003 g/ml AAPH (for extracts from whole grain flour). Samples was loaded with 5 μl loading buffer (0.13% bromophenol blue and 40% w/v sucrose) onto a 1% agarose gel containing ethidium bromide. The gel was then run for 3 h at 30 Amps and 55 Volts. The gels were photographed under UV light. DNA strand breaks were evaluated using the untreated DNA under the same incubation condition as a control and analyzed using Image Tool version 3.0.
Statistical analysis
The experiment was conducted in duplicate and analyses for antioxidant activity, other bioactive properties and HPLC phenolic composition were run in triplicate. Mean values and standard deviations were calculated using Microsoft Excel software (Microsoft Corporation, Redmond, WA). One-way analysis of variance (ANOVA) was conducted and differences between means were considered significant at p < 0.05 using the least significant difference (LSD) test.
RESULTS AND DISCUSSION
The scanning electron micrographs of the whole grain flours and cell wall preparations of the selected cereals and legumes are shown in Figure 1 Figure 1D ) and white teff ( Figure 1F ) revealed the presence of fragments of cell wall material (labelled 2). There were also many small particles (labelled 3) which are likely to be remnants of starch granules and protein bodies after the enzymatic hydrolytic process.
Red sorghum ( Figure 1H ), black eyed cowpea ( Figure 1J ) and Betchuana white cowpea ( Figure 1L ) cell wall preparations showed the presence of chunks of material (labelled 4) which seemed to consist of empty cells. This is perhaps due to the removal of the cell wall contents by enzymatic hydrolysis, thus leaving the empty cells with cell walls exposed.
Overall, the micrographs show that the cell wall preparation process reduced protein and starch to a large extent to produce cell wall-enriched preparations.
The total phenolic and the total flavonoid content of the whole grain flours and cell wall preparations are shown in Figure 2 . In general, cell wall preparations had lower total phenolic content compared with the corresponding whole grain flours (Figure 2A ). For the whole grain flours, Betchuana white cowpea had the highest total phenolic content followed by red sorghum with white sorghum having the lowest total phenolic content. Of the cell wall preparations, that from red sorghum had the highest total phenolic content while that from black-eyed cowpea had the lowest.
The higher total phenolic content of the red sorghum whole flour compared to white sorghum is in agreement with Dlamini et al. (2007) who also reported higher total phenolic content of red sorghum whole grain compared to the white type. Generally, pigmented sorghums (with red and purple colour) have higher total phenolic contents than white, tan plant sorghums (Dykes & Rooney, 2006) . However, the effect of grain pigmentation on total phenolic content as observed for the red and white sorghum was not evident with the teff samples as there was no significant difference in the total phenolic content of brown and white teff whole grain (Figure 2 ). The high total phenolic content of Betchuana white cowpea compared with black eyed cowpea could also be probably due to the pigmented nature of Betchuana white seed coat. The observed higher total phenolic content in the whole grain flour samples compared to the corresponding cell wall preparations could be due to the presence of other phenolic compounds such as flavonoids in addition to phenolic acids. Unlike the whole grain, phenolics in the cell wall tend to consist essentially of hydroxycinnamic acid derivatives such as ferulic acid and p-coumaric acid (Kamisaka et al., 2006) .
The highest total flavonoid content was recorded for Betchuana white cowpea followed by red sorghum, while much lower values were recorded for white sorghum, brown teff, white teff and black eyed cowpea ( Figure 2B ). In general, whole grain flours tended to have higher total flavonoid contents than the corresponding cell wall preparations. This observation would be expected since as mentioned earlier, cell walls of grains are mainly composed of hydroxycinnamates. In addition, flavonoids in other parts of the grain may have been lost during cell wall preparation. However, the presence of some cell wall-bound flavonoids has been reported in other plants (Ibrahim et al., 1987) . Table 1 . The cell wall preparations from red sorghum, white sorghum and the two cowpea samples contained p-coumaric acid and ferulic acid as their major phenolic compounds (Table 1, Figure 3 ). Cinnamic acid derivatives such as pcoumaric and ferulic acids are known to be important components of cell walls of cereals where they occur in bound form to polymers of the wall (Kamisaka et al., 2006) . In contrast, the cell wall preparations of the teff samples and Betchuana white cowpea contained in addition to the hydroxycinnamic acids, some flavonoids (luteolin and quercetin for teff samples and catechin for Betchuana white). The presence of some cell wall-bound flavonoids in other plants has been previously documented (Ibrahim et al., 1987) . For the whole grain flour samples the flavonoids catechin and apigenin (red sorghum); apigenin (white sorghum) and quercetin (black eyed pea) (Table 1 ) occurred in higher quantities compared to other identified flavonoids. Overall, most flavonoids identified in the whole grain flour were not detected in the cell wall preparation. This is an indication that flavonoids are mostly found in the pericarp layers or seed coats of the cereals and legumes (Shirley, 1998) .
The antioxidant potential expressed as capacity of free radical scavenging ability is often assessed either by reaction with stable free radicals (e.g. ABTS radical scavenging) or by competition method using conventional UV/visible absorption spectrophotometry (e.g.
ORAC assay) (Niki, 2011) . The trends in antioxidant properties of the whole grain and cell wall preparations were essentially similar to what was observed for their total phenolic contents. Whole grain flours of red sorghum, black eyed cowpea and Betchuana white cowpea had higher ferric reducing properties ( Figure 4A ), ABTS radical scavenging capacity ( Figure 4B ) and ORAC values ( Figure 4C ) than the other grain samples. Cell wall preparations of the grain samples had lower antioxidant properties than the whole grain samples. Overall, these results are in agreement with the generally observed trend that high phenolic content mostly results in high antioxidant activity. Reports have shown a positive correlation between total phenolic content and antioxidant activity of plant foods (Dlamini et al., 2007; Siatka & Kašparová, 2010; ) .
The high antioxidant activities of the whole grain extract of red sorghum and Betchuana white cowpea could be due to their relatively higher phenolic contents. It may also be due to the presence of anthocyanins possibly because of their pigmentation. Anthocyanins are usually important components of dark-coloured or pigmented grains (Todd & Vodkin, 1993; Mol et al., 1998) . Some black sorghums which have no tannins but have high levels of anthocyanins, have been reported to have a relatively high antioxidant activity (Awika, 2003) . oxidation inhibitory capacity for both whole grain and cell wall preparations. Overall, the results show that similar to the whole grain, extracts from the cell wall preparations also exhibit significant ability to inhibit LDL oxidation. Based on this result, it may be expected that in cereal-and legume-based foods, cell walls could make an important contribution to inhibition of LDL oxidation. Several studies have shown that phenolic compounds including flavonoids and phenolic acids have the capacity to inhibit oxidation of human LDL in vitro (Frankel et al., 1995; Lanningham-Foster et al., 1995) . In this regard, phenolic-rich whole grain foods of the selected cereals and legumes used in this study that would be rich in dietary fibre and cell wall material could potentially be important for inhibition of LDL oxidation and the subsequent prevention of a number of free radical mediated diseases including atherogenesis and coronary heart diseases (Kanner et al., 1994) .
The results of the protective effect on AAPH-induced oxidative DNA damage ( Figures 6A and B) reveals better protection by the whole grain flour extracts compared to the extracts f r o m c e l l w a l l p r e p a r a t i o n s . C o m p a r e d w i t h t h e w h o l e g r a i n f l o u r e x t r a c t s , a h i g h e r concentration of the extracts from cell wall preparation was required to confer protection on the plasmid DNA against AAPH-induced oxidative damage (40 mg/ml for extracts from cell wall preparations compared with 0.133 mg/ml for extracts from whole grain flours). The observed better protection by the whole grain extracts may be due to the synergistic effects of the flavonoids and phenolic acids that are present therein unlike the extracts from cell wall preparations that contained mostly hydroxycinnamates. It has been reported that phenolic compounds could interact with themselves or with other phytochemicals synergistically to enhance their antioxidant activity (Jia, et al., 1998; Liu et al., 2000) .
The phenolic acids and flavonoids identified in the extracts from cell wall preparations and whole grain flours in this study have attracted considerable attention due to their bioactive properties (Kadoma & Fujisawa, 2008) . These phenolics may be liberated from cell wall material by the action of micro-organisms in the colon and if absorbed, they could offer some potential health benefits such as ameliorating diseases such as cancer, diabetes and hypertension. Although these dietary phenolic compounds tend to be powerful antioxidants in vitro, there is growing evidence to suggest that the mechanism by which they may offer 
